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ABSTRACT 


This  report  discusses  the  mechanical  details  and  some  electrical  properties  of  a 
Transverse  Electromagnetic  (TEM)  cell,  an  Electromagnetic  Pulse  (EMP)  generator  and 
a  terminating  network.  It  is  an  implementation  of  a  design  described  in  detail  in  DREO 
Report  No.  1084  (1991)  [1].  The  cell  is  primarily  designed  to  generate  the  fast  rise  time 
(few  ns)  and  high  field  levels  (50  kV/m)  associated  with  an  EMP.  However,  it  is  fabricated 
in  a  modular  format  so  that,  for  example,  the  high-voltage  pulse  generator  can  be 
removed  and  replaced  with  an  extended  taper  that  will  allow  conventional  EMC 
measurements  to  be  performed.  Such  a  format  significantly  increases  the  versatility  of  the 
cell. 


RESUME 


Ce  rapport  presente  les  details  mecaniques  ainsi  que  quelque  unes  des  proprietes 
electriques  d’une  cellule  de  champ  electromagnetique  transversal,  incluant  un  generateur 
d’impulsions  electromagnetique  (IEM)  et  un  reseau  terminateur.  II  s’agit  de  la  realisation 
du  systeme  decrit  en  detail  dans  le  rapport  #1084  (1991)  [1].  Cette  cellule  a  ete 
particulierement  congue  pour  permettre  la  generation  et  la  propagation  d’impulsions 
extremement  rapides  avec  un  temps  de  montee  de  I’ordre  de  quelques  nanosecondes. 
Le  champ  genere  est  aussi  tres  intense  (50  kV/m)  pour  permettre  de  simuler 
adequatement  une  IEM  nucleaire.  La  cellule  a  ete  congue  de  fagon  modulaire  pour 
pouvoir  de  remplacer  le  generateur  par  une  section  effilee  permettant  d’effectuer  des 
mesures  de  compatibilite  electromagnetique  conventionnelle,  rendant  cette  cellule 
extremement  versatile. 
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EXECUTIVE  SUMMARY 


Electromagnetic  Pulse  (EMP)  simulators  are  designed  to  emulate  the  intense  EMP 
generated  by  an  exploding  nuclear  weapon  and,  subsequently,  are  used  to  evaluate  the 
susceptibility  of  CF  electronic  systems  against  the  effects  of  EMP.  This  report  is 
concerned  with  the  development  of  a  small,  co-axial  type  of  EMP  simulator  intended  for 
both  routine  testing  (MIL-STD-461C)  and  for  R&D  purposes  such  as;  calibration  of 
sensors,  precision  measurements,  design  and  testing  of  transient  suppression  devices 
etc. 


In  addition,  the  cell  has  been  designed  in  a  modular  format  so  that  it  can  be  used 
for  other  types  of  measurements.  For  example,  the  high-voltage  pulse  generator  can  be 
removed  and  replaced  with  an  extended  taper  for  conventional  EMC  measurements.  This 
significantly  increases  the  versatility  of  the  cell. 

A  discussion  of  the  electrical  design  of  the  TEM  cell  was  previously  presented  in 
DREO  Report  No.  1084.  The  present  report  is  an  implementation  of  the  above  work  and 
discusses  both  the  mechanical  requirements  and  the  resulting  electrical  characteristics 
of  the  constructed  cell. 

After  assembly  and  testing  it  was  concluded  that  the  electrical  parameters  of  the 
cell  were  accurately  predicted  prior  to  construction  and  achieved  through  careful 
assembly.  A  significant  effort  was  made  to  ensure  that;  the  cell  dimensions  were 
accurately  reproduced,  that  the  required  panel  joints  produced  negligible  perturbation  of 
the  current  flow,  access  to  the  test  volume  was  user-friendly  to  simplify  lengthy  test 
sequences  and  that  the  design  of  the  high-voltage  pulse  source  and  termination  have 
been  optimized.  In  addition,  the  design  emphasizes  the  use  of  common  construction 
materials  and  simple  assembly  techniques  for  cost  reduction. 

The  result  of  the  above  efforts  is  a  relatively  low-cost  TEM  cell  which  produces  a 
pulsed  electromagnetic  field  with  a  peak  value  of  50,000  V/m  with  only  insignificant 
deviations  from  an  ideal  double-exponential  waveshape.  The  benefit  of  having  such  an 
accurate  and  highly  reproducible  waveform  is  the  simplification  in  the  interpretation  of 
future  experimental  results. 
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1.0  INTRODUCTION 


A  TEM  (Transverse  Electric  and  Magnetic)  cell  is  a  square  or  rectangular  coaxial 
transmission  line  tapered  at  each  end  to  form  an  enclosed  unit.  The  cell  is  fed  at  one  end 
with  a  signal  generator  and  terminated  at  the  other  end  by  a  resistor  equal  to  the 
characteristic  impedance  of  the  line.  Between  the  inner  conductor  (the  septum)  and  the 
grounded  metal  exterior,  an  electromagnetic  (EM)  field  propagates  from  the  source  to  the 
termination  in  a  fashion  similar  to  planar  fields  in  free  space,  see  Fig.  1.  The  exterior  of 
the  cell  also  forms  an  enclosure  which  both  contains  the  internal  field  (that  would 
otherwise  radiate  into  the  surroundings  and  perhaps  interfere  with  peripheral  equipment) 
and,  conversely,  shields  the  internal  volume  from  the  external  electromagnetic 
environment,  e.g.  from  nearby  broadcast  transmitters.  An  additional  advantage  of  the 
TEM  cell  is  that  the  field  is  well  characterized  and  reasonably  uniform  in  the  test  volume. 
The  primary  shortcomings  are  an  upper  frequency  limit  determined  by  the  size  of  the  cell 
and  the  restricted  working  volume. 

The  source  at  the  input  side  can  be  continuous  wave  (CW)  from  a  network 
analyzer  etc.  or  a  pulse  generator.  In  a  conventional  cell,  the  source  and  termination  are 
connected  by  coaxial  cables.  In  the  case  of  an  EMP  simulator,  the  pulse  generator  and 
terminating  resistor  may  be  integrated  into  the  coaxial  structure  of  the  cell  to  form  a 
completely  enclosed  unit.  This  optimizes  the  bandwidth  of  the  interfaces  while  eliminating 
the  high  voltage  difficulties  encountered  with  standard  connectors.  In  the  DREO  TEM  cell, 
the  input  and  termination  interfaces  have  been  designed  in  a  modular  form  to  allow  use 
as  either  a  conventional  cell  or  an  EMP  cell.  As  a  result,  it  is  possible  and  relatively 
simple  to  implement  applications  such  as: 

•  susceptibility  testing  of  small  equipment; 

•  calibration  of  sensors; 

•  design  and  testing  of  countermeasures; 

•  and  measurement  of  transfer  functions. 

In  the  design  report  [1],  details  for  both  a  50  £2  or  100  Q.  TEM  cell  were  presented. 
In  this  report  the  latter  has  been  implemented  for  the  following  reasons: 

•  The  larger  impedance  results  in  a  smaller  septum  width.  This  reduces  the 
opportunity  of  high  voltage  flash-over  at  the  ends  of  the  tapers  where  the 
septum/cell  wall  separation  becomes  relatively  small; 

•  The  higher  impedance  of  the  cell  raises  the  cutoff  frequency  of  the  first  non-TEM 
(Transverse  Electric  and  Magnetic)  mode  and,  thus,  allows  higher  bandwidth 
testing.  In  addition,  the  higher  impedance  allows  easier  coupling  of  the  high 
frequencies  of  the  pulse  generator  to  the  cell  and,  therefore,  allows  faster  rise 
time  pulses  to  be  produced; 
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Figure  1:  Schematic  representation  of  the  TEM  cell.  The  flat  central  portion  of  the  transmission  line  is  truncated 
by  tapered  ends.  One  end  contains  a  pulse  generator  or  CW  source  and  the  other  is  terminated  with  the  cell’s 
characteristic  impedance.  Any  test  object  which  is  placed  in  the  bottom  of  the  cell  will  be  subjected  to  the  electric 
field  formed  by  the  voltage  difference  between  the  septum  (inner  conductor)  and  the  grounded  outer  conductor. 


•  The  1 00  Q  impedance  is  compatible  with  the  power  amplifier  presently  available 
in  the  lab.  This  amplifier,  when  driven  by  an  AM/FM  signal  generator  or  the 
arbitrary  waveform  generator  will  allow  a  multitude  of  lower  voltage  tests 
(  <1500  V/m  )  to  be  performed; 

•  Compatibility  with  the  requirements  of  MIL-STD-461C. 

The  main  disadvantages  of  having  chosen  the  100  Q.  impedance  is  that  it  is  more  difficult 
to  make  use  of  standard  50  Q  equipment  and  the  field  uniformity  is  marginally  poorer. 

2.0  TEM  CELL  MECHANICAL  DETAILS 

A  test  volume  height  of  30  cm  was  deemed  adequate  for  the  cell  since  most  DUT 
(device  under  test)  are  of  this  size  or  smaller.  This  dictates  that  the  septum  height  be  at 
least  3  x  0.3  m  so  that  the  field  disturbance  produced  by  the  DUT  is  tolerable.  The  final 
design  incorporates  a  septum  height  of  1  m  which  results  in  a  structure  with  a  2  m  square 
cross-section.  A  square  cross-section  is  considered  the  optimal  geometry  for 
simultaneous  maximization  of  test  area  and  cell  bandwidth.  As  a  result  of  the  above 
choices,  the  septum  must  have  a  width  of  80  cm  to  produce  the  required  100  Q. 
impedance  [8]. 

Since  standard  commercial  sheet  metals  are  available  in  4’  by  8’  sheets,  it  is  clear 
that  the  unit  must  be  produced  out  of  several  panels.  The  3  sections  (two  tapered  and 
one  central  section)  were  each  made  of  8  panels  for  a  total  of  24.  An  overview  of  the  cell 
is  presented  in  Figs.  2-5.  In  addition  to  displaying  the  overall  shape  and  size  of  the  outer 
conductor  and  septum,  these  figures  also  shows  the  panel  layout  and  hatch  locations. 

A  length  of  2  m  was  chosen  for  both  the  uniform  cross-section  and  the  tapers. 
Therefore,  the  total  length  along  the  center  line  of  the  cell  is  6  m.  The  length  of  the  tapers 
is  relatively  large  for  a  typical  TEM  cell,  however  this  results  in  a  shorter  rise  time  with 
reduced  field  distortion  caused  by  reflections  at  the  taper  interfaces.  The  taper  lengths 
may  be  made  longer,  the  size  of  the  room  in  which  the  cell  is  to  be  located  was  the 
limiting  factor. 

Note  that  the  cell  tapers  are  truncated  30  cm  from  the  apex.  This  allows  the  ends 
of  the  tapers  to  be  completed  by  any  means  necessary  to  integrate  the  source  and 
termination  of  interest.  This  modular  design  is  carried  through  to  the  measurement  ports 
of  the  cell  by  the  addition  of  hatches  at  the  top  and  bottom  of  the  cell.  These  are  fitted 
with  bulkhead  plates  to  allow  easy  interchange  of  field  sensors  or  to  provide  an  access 
port  for  cables,  monitors  etc.  for  a  DUT.  The  addition  of  the  above  modifications  makes 
the  cell  versatile,  with  applications  ranging  from  low-voltage  CW  to  high-voltage  pulse 
work. 
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Figure  2:  Overview  of  the  TEM  cell.  There  are  two  small  access  hatches  on  the  top  and  bottom  of  the  cell  for 
sensors  and  cables,  respectively.  A  large  access  is  provided  on  one  side  to  place  test  objects  inside  the  cell.  The 
three-dimensional  image  gives  an  indication  of  the  panel  layout  of  the  cell. 


Figure  3:  A  view  of  the  interior  of  the  cell  during  construction.  The  access 
hatches  can  clearly  be  seen.  Note  that  the  tapers  are  truncated  30  cm  from 
the  end  to  form  the  interface  for  the  removable  pulse  generator  and  termination. 
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Figure  4:  An  additional  construction  photo  showing  the  various  panels  which  form  the  cell  and  the  wooden  support 
structure. 


Figure  5:  An  overview  of  the  completed  cell. 


2.1  Panel  Details 


As  indicated  above,  the  cell  was  constructed  out  of  a  series  of  panels.  The  detailed 
size  and  shape  of  each  panel  is  indicated  in  Figs.  6-9.  As  can  be  seen,  the  triangular 
sections  were  designed  such  that  two  sections  could  be  cut  from  one  20  gauge,  4’  by  8’ 
sheet  (thereby  minimizing  waste).  These  two  panels  then  formed  one  side  of  the  taper. 
This  process  was  repeated  for  each  side  of  the  front  and  back  taper.  The  panels  were 
joined  by  screwing  together  the  flanges  which  are  spot-welded  to  their  edges,  see  Fig.  1 0 
for  details.  Using  this  technique,  a  virtually  seamless  joint  could  be  manufactured.  The 
seam  discontinuities  were  further  reduced  by  covering  each  joint  with  a  layer  of  copper 
tape  (with  conductive  adhesive). 

2.2  Hatch  Details 

2.2.1  Main  Access  Hatch 

In  order  to  provide  access  to  the  test  volume  inside  the  cell,  some  type  of  hatch 
is  required.  The  difficulty  is  that  this  door  must  not  disturb  the  continuity  of  the  current  in 
the  cell  (so  as  to  minimize  the  field  perturbations)  while  simultaneously  allowing  the  user 
to  easily  access  the  DUT.  The  solution  to  this  problem  is  shown  in  Figs.  11  &  12.  The 
flange/finger-stock  combination  provides  ample  shielding  and  cell  wall  continuity  while 
allowing  simple  push  on/pull  off  operation  of  the  door.  The  guide  track  shown  in  Fig.  1 1 
is  a  means  of  ensuring  proper  alignment  of  the  door  during  closure,  while  providing  an 
out-of-the-way  storage  location  when  the  cell  is  open.  The  finger  stock  is  contained  in  a 
housing  on  the  door  so  as  to  minimize  the  opportunity  for  damage.  The  unit  can  be 
disassembled  for  maintenance. 

2.2.2  Generator  Access  Hatch 

Access  to  the  pulse  generator  is  occasionally  required  for  operational  adjustments. 
However,  it  is  critical  that  there  be  cell  wall  continuity  in  this  area  since  it  is  both  the 
launching  point  for  the  electromagnetic  wave  and  the  portion  of  the  cell  which  must 
endure  the  highest  field  strengths  (for  much  longer  time  periods  than  the  EMP  because 
of  charging  times,  firing  delays  etc.).  A  mechanism  similar  to  that  used  in  the  hatch  above 
was  incorporated  at  this  point.  As  in  the  main  hatch,  a  piece  of  sheet  metal  was  shaped 
to  fit  into  the  hole  cut  in  the  generator  wall.  This  was  then  placed  on  the  surface  of  the 
hatch  door  such  that  when  it  was  in  place  the  inner  wall  of  the  generator  was  smooth  and 
flush  with  only  a  small  seam  at  the  edges. 

2.2.3  Sensor/Bulkhead  Hatch 

In  order  to  provide  access  for  field  sensors  inside  the  test  volume  or  to  allow 
control  or  monitoring  cables  to  access  a  test  object,  an  access  port  is  required  near  the 
center  of  the  test  volume.  In  this  DREO  cell,  a  25  cm  square  port  was  placed  both  at  the 
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T aper  Panel  (top/bottom) 


Figure  6:  Detail  of  the  panel  located  at  the  top  and  bottom  of  the  cell  tapers.  The  cross-hatched  edges  represent 
the  edges  that  are  mounted  with  a  flange  lip  as  described  in  Fig.  10.  The  remaining  edges  act  as  a  receptacle  for 
a  flange  from  another  panel. 


Taper  Panel  (side) 


Figure  7:  Detail  of  the  panel  located  at  the  sides  of  the  cell  tapers.  The  cross-hatched  edges  represent  the  edges 
that  are  mounted  with  a  flange  lip  as  described  in  Fig.  10.  The  remaining  edges  act  as  a  receptacle  for  a  flange  from 
another  panel. 
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Figure  8:  Detail  of  the  panel  located  at  the  top  and  bottom  of  the  central  portion  of  the  cell.  The  cross-hatched 
edges  represent  the  edges  that  are  mounted  with  a  flange  lip  as  described  in  Fig.  10.  The  remaining  edges  act  as 
a  receptacle  for  a  flange  from  another  panel. 
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Figure  9:  Detail  of  the  panel  located  at  the  sides  of  the  central  portion  of  the  cell.  The  cross-hatched  edges 
represent  the  edges  that  are  mounted  with  a  flange  lip  as  described  in  Fig.  10.  The  remaining  edges  act  as  a 
receptacle  for  a  flange  from  another  panel. 


CLEARANCE  HOLES  FOR  #8  ASSEMBLY 
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Figure  10:  Detail  of  the  flange  lip  on  the  panels  in  Figs  6-9.  The  base  is  spot  welded  to  the  panel  while  the  lip 
provides  a  series  of  clearance  holes  for  the  alignment  screws.  The  flange  also  becomes  a  structural  support  for 
the  panel. 


Figure  11:  Photo  of  the  side  access  door  and  assembly.  The  door  is  pulled  out 
approx.  10  cm  and  is  then  raised  in  the  guide  track  (  a  counter  weight  can  be 
attached  to  the  door  to  facilitate  this  process).  Contact  to  the  cell  is  made  via  the 
finger  stock  arrangement  detailed  in  Fig.  12. 
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mechanism  can  be  disassembled  for  cleaning. 


top  and  bottom  of  the  central  portion  of  the  cell  as  indicated  in  Figs.  2  &  8.  Details  of 
these  hatches  assemblies  are  available  in  Fig.  13.  The  top  access  is  intended  primarily 
as  a  sensor  mount,  while  the  bottom  is  intended  for  general  use.  Unlike  the  previous 
case,  flat  finger  stock  was  used  on  this  hatch.  This  was  done  so  that  the  bulkhead  plate 
would  sit  reasonably  flush  against  the  bottom  of  the  cell. 

2.3  Septum  and  Septum  Support  Structure 

The  septum  is  the  central  portion  of  the  co-axial  TEM  cell.  In  the  DREO  cell  it  is 
made  of  a  single  aluminum  sheet  (chosen  to  reduce  the  weight  of  the  unit)  cut  as  per 
Figs.  14-16.  The  latter  figure  details  the  end  cuts  which  interface  with  the  pulse  generator 
and  termination.  The  septum  must  be  accurately  supported  in  the  cell  at  a  height  of  1  m. 
In  addition,  it  is  preferred  that  no  metal  and  as  little  dielectric  material  as  possible  be 
present  to  do  this.  The  above  was  accomplished  by  creating  a  support  structure  out  of 
commercial  fishing  line.  By  spacing  a  fishing-line  truss  (see  Fig.  17)  every  50  cm  along 
the  septum,  the  structure  is  easily  supported  by  a  negligible  amount  of  dielectric.  To 
eliminate  the  small  amount  of  buckling  that  does  occur,  a  7.5  cm  rigid  styrofoam  sheet 
(Dow  HI- 100,  dielectric  const,  of  approx.  1.095)  was  ripped  on  a  table  saw  to  a  10  cm 
width.  Along  the  center  of  this  strip  a  2.5  cm  deep  groove  was  cut.  This  was  then  pressed 
onto  the  edge  of  the  septum  to  force  it  flat.  Using  this  technique,  a  very  accurate 
positioning  of  the  septum  was  possible. 

2.4  Wooden  Support  Structure 

The  sheet  metal  used  to  construct  the  cell  is  self-supporting,  however,  to  raise  the 
cel!  off  the  floor  (to  provide  access  to  the  bottom  hatch)  and  to  allow  an  operator  to  climb 
on  top  of  the  cell  (to  provide  access  to  the  top  hatch)  a  wooden  support  structure  has 
been  incorporated  into  the  design.  The  basic  layout  is  shown  in  Figs.  4,  18-20.  The  unit 
is  composed  of  a  top  and  bottom  panel  each  of  which  is  supported  by  side  posts.  The 
panels  were  designed  with  basic  housing  construction  in  mind  (Figs.  19  &  20).  Note  that 
the  central  portions  have  been  left  open  so  that  the  sensor  hatches  on  the  cell  can  be 
accessed.  In  addition,  a  series  of  10  cm  holes  have  been  cut  in  the  panels  to  allow  for 
future  sensor  locations  etc.  One  modification  that  would  be  made  is  to  replace  each  4x4 
side  support  with  two  bonded  2x4’s.  This  would  eliminate  splitting  and  warping  of  the 
column. 

An  addition  support  for  the  wooden  structure  was  constructed  by  mounting  a  set 
of  Vz"  threaded  rods  to  the  wall  immediately  beside  the  cell  and  connected  these  to  the 
cell  via  a  bracket  (see  Fig.  4,  upper  left  corner).  Once  the  (metal)  central  portion  of  the 
TEM  cell  had  been  installed  inside  the  wooden  support,  these  brackets  were  gradually 
adjusted  (by  rotating  the  locking  nuts)  to  square  the  TEM  cell  precisely  and  lock  it  in 
place. 
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Figure  14:  TEM  cell  septum  (inner  conductor).  Aluminum  was  chosen  to  reduce  the  weight  and  simplify  the 
suspension  of  the  unit.  The  details  of  the  end  sections  are  presented  in  Figs.  15  and  16. 


Figure  15:  Detail  of  the  source  end  of  the  septum.  The  dashed  line  represents  the  spark  gap  and  capacitors  of  the 
pulse  generator  (Fig.  22). 


Figure  16:  Detail  of  the  termination  end  of  the  septum.  The  dashed  line  represents  the  high  voltage  resistor  and 
the  resistor  end  piece  (Fig.  28). 


21 


Figure  17:  A  series  of  nylon  lines  was  used  to  suspend  the  septum.  In  the  central  area  of  the  cell  these  lines  are 
vertical  and  attached  to  the  wooden  support  structure.  This  allows  an  operator  to  walk  along  the  side  of  the 
septum.  In  the  taper  they  are  crossed  (to  minimize  the  swing  of  the  septum)  and  suspended  from  the  edges  of  the 
top  panels  (to  reduce  the  sag  in  the  middle  of  the  taper). 


TOP  PANEL 


Figure  18:  Overview  of  the  TEM  cell  wooden  support  structure.  Photos  are  provided  in  Figs.  3-5. 
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Figure  19:  Detail  of  the  bottom  panel  of  TEM  Cell  wooden  support  structure  (interior  view) 
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Figure  20:  Detail  of  the  top  Plate  of  TEM  Cell  wooden  support  (interior  view). 


3.0  TEM  CELL  ELECTRICAL  DETAILS 


The  details  in  this  section  are  a  summary  of  the  main  parts  of  Reference  [1]  and 
are  reproduced  here  for  the  convenience  of  the  reader. 

3.1  Cell  Impedance 

The  characteristic  impedance  of  a  TEM  cell  can  be  expressed  as 

Zq  =  ohm  (1) 


where  r|0  =  120  k  ohm,  and 
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The  term  AC/e„  relates  to  the  fringe  capacitance  between  the  edges  of  the  septum  and 
the  side  walls  and  a,  b  and  g  are  the  dimensions  of  the  cell,  see  Fig.  21.  Since  the 
dimensions  a  =  b  =  1  m  were  determined  by  the  minimum  test-object  size  and  a  100  Q 
cell  impedance  is  required,  then  the  width  of  the  septum  becomes  80  cm  [8]. 


3.2  Frequency  Domain  Response 

3.2.1  Transverse  Electric  (TE)  and  Magnetic  (TM)  Modes 

TEM  (Transverse  Electromagnetic)  waves  are  characterized  by  the  fact  that  both 
the  electric  vector  (E-field)  and  the  magnetic  vector  (H-field)  are  perpendicular  to  each 
other  and  to  the  direction  of  propagation,  see  Fig.  1.  However,  a  TEM  cell  will  not  only 
propagate  a  single  TEM  mode  at  all  frequencies,  but  also  a  set  of  Transverse  Electric  and 
Transverse  Magnetic  higher-order  modes,  TEmn  and  TMmn,  at  frequencies  above  their 
respective  cutoff  frequencies  fc(mn)  [3,  4].  The  TEM  mode  propagates  through  the  tapered 
ends  of  the  cell.  Each  higher-order  mode,  however,  is  always  reflected  at  some  point 
within  the  taper  where  the  dimensions  become  too  small  for  propagation.  This  is  the  point 
where  the  cross-section  of  the  taper  has  narrowed  to  that  of  a  waveguide  whose  cutoff 
frequency  is  lower  than  the  field  frequency.  The  propagating  energy  in  the  higher-order 
mode  undergoes  multiple  reflections,  end  to  end,  within  the  cell,  until  it  is  dissipated. 

At  certain  frequencies  a  resonance  condition  is  satisfied,  in  which  the  cell’s 
effective  length  for  the  mode  is  "p"  half  guide  wavelengths  long  (p  =  1,  2,  ...).  At  these 
resonant  frequencies  fR(mnp),  a  TEmnp  resonant  field  pattern  exists.  Thus  the  TEmn  mode  in 
a  given  TEM  cell  has  one  cutoff  frequency  fc(mn)  and  an  infinite  set  of  resonant 
frequencies,  fR(mnp)  with  p  =  1,  2 . The  same  is  true  for  the  TMmn  higher-order  modes. 
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The  total  E-field  pattern  is  the  superposition  of  the  fields  inherent  to  the  TEM  and  TEnmp 
modes  and  the  total  H-field  pattern  is  the  superposition  of  the  fields  inherent  to  the  TEM 
and  TMnmp  modes. 


The  resonant  frequencies,  fR(mnp)  are  calculated  from  the  values  of  fc(mn)  and  the 
cell’s  length  and  taper  dimensions  [1] 


f2  _  f2 
'R(mnp)  *c(mn) + 


/  __  \2 

pc 


l2Lmn. 


(3) 


Lmn=  Lc  +  XmnLE  .  (4) 

Lc  (=2  m)  is  the  length  of  the  uniform-cross-section  central  part  of  the  cell,  LE  (=4  m)  is 
the  length  (along  the  center  line)  of  the  two  tapered  ends,  and  Xmn  is  the  fraction  of  the 
two  ends  included  in  the  value  of  Lmn,  (fraction  is  empirically  determined  and  is 
different  for  each  cell  as  well  as  each  mode.  It  can  vary  from  0.8  for  the  TE01  mode  to  0.5 
for  the  TE10  and  TE„  modes). 

To  design  a  TEM  cell  with  maximum  usable  bandwidth,  the  frequency  of  the  first 
interacting  resonance  TE101  should  be  as  high  as  possible.  This  is  accomplished  primarily 
by  making  cell  dimension  "a"  as  small  as  possible,  which  causes  fc(10)  to  be  as  large  as 
possible.  The  important  point  to  note  is  that  the  frequencies  depend  purely  on  the  cell 
geometry  (dimensions  a,  b  and  w  for  fc;  and  a,  b,  w  and  Lmn  for  fR). 

When  measuring  the  frequency  domain  response  of  a  TEM  cell  it  is  critical  to  keep 
in  mind  that  the  response  at  the  input  port  of  the  cell  can  be  very  different  from  the 
response  at  some  other  portion  of  the  cell.  This  is  because  the  measurement  is  generally 
made  with  a  network  analyzer  or  some  other  CW  source  applied  for  a  period  of  time  such 
that  the  EM  fields  can  traverse  the  length  of  the  cell  hundreds  of  times  over.  These 
multiple  reflections  can  interfere  both  constructively  and  destructively  to  create  peaks  and 
nulls  in  the  field  response.  If  a  field  sensor  were  placed  in  a  null  it  obviously  would 
indicate  that  no  field  was  present.  This  could  be  in  contradiction  with  a  measurement 
made  at  the  input  port  (which  is  at  a  different  location  and  may  not  be  in  a  null).  In 
general,  it  is  common  to  overestimate  the  bandwidth  of  a  TEM  cell  if  only  the  response 
at  an  input  port  is  measured. 

3.3  Time-Domain  Response 

3.3.1  Pulse  Rise  Time  Degradation 

Since  the  distance  from  the  apex  to  the  end  of  the  front  taper  along  the  outer 
conductor  of  the  TEM  cell  is  greater  than  that  along  the  septum,  it  will  take  longer  for 
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take  longer  for  current  to  travel  along  the  outer  conductor.  As  a  result,  there  will  be  a 
curvature  to  the  wave  front  in  the  working  volume  of  the  cell.  If  an  object  is  placed  at  this 
point,  then  the  top  of  the  object  will  be  illuminated  before  the  bottom.  The  net  result  will 
appear  as  a  degradation  in  the  rise  time  of  the  input  pulse  and  is  considered  to  be  the 
inherent  rise  time  of  the  cell. 

The  worst  case  change  in  rise  time  can  be  calculated  from  the  difference  in  path 
length  in  the  tapers.  The  length  x,  from  the  apex  to  one  of  the  corners  of  the  front  taper. 

x  =  /l|  +  a2  +  b2  . 


With  y2LE  =  2a  =  2b  =  2.0  m,  this  length  is  x  =  2.45  m.  The  difference  in  path  length 
between  the  shortest  and  longest  path  is 

AC  =  x  -  Le  =  0.45  m  (6) 


If  current  is  flowing  at  the  speed  of  light,  then  the  response  time  associated  with  AC  (i.e. 
the  rise  time  of  the  cell)  is 

tr  =  AC/c  =  1.5  ns  .  (7) 


This  represents  the  largest  possible  delay  in  the  cell.  A  more  realistic  estimate  is  made 
by  looking  at  the  path  difference  at  the  edges  of  the  recommended  test  volume 


=  2.123  m 


(8) 


AC  =  2.123  -  2  =  0.123  m 


tr  =  —  =  0.38  ns 
c 


(9) 


The  rise  time  measured  in  the  cell  is  related  to  the  input  pulse  and  the  TEM  cell 
by  the  relationship 


t, 


measured 


/^input  +  V 


(10) 


Although  (10)  is  strictly  true  only  for  gaussian  and  exponential  pulses  [11],  it  does  provide 
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a  reasonable  estimate  of  the  field  rise  time.  The  same  relationship  can  be  used  to 
compensate  for  the  limited  bandwidth  of  the  sensors,  cables,  digitizers  or  any  other 
measurement  equipment  used. 

3.3.2  Time-of-Flight 

The  reflections  of  a  transient  field  in  the  center  of  the  test  volume  can  be  expected 
after  approximately  1 3-20  ns  (time-of-flight  to  various  perturbations  of  the  cell  geometry). 
The  polarization  of  either  the  electric  or  magnetic  field  in  the  reflected  wave  is  inverted 
by  the  reflection  (depending  on  the  impedance  value  of  the  termination  etc.).  Multiple 
reflections  appear  with  an  interval  time  equal  to  the  length  of  the  cell. 

Since  the  excitation  from  the  EMP  generator  is  a  single  pulse,  the  reflections  will 
vanish  due  to  small  losses  inside  the  cell.  No  cavity  resonances  (standing  waves)  are 
built  up  because  the  losses  are  not  replenished  by  incoming  power  as  in  the  CW  case. 

3.3.3  Higher  Frequency  Response 

When  the  wavelengths  associated  with  the  frequency  components  of  the  input 
pulse  are  very  small  compared  to  the  dimensions  of  the  cell,  then  the  front  taper  of  the 
TEM  cell  will  begin  to  behave  like  a  horn  antenna.  These  higher  frequencies  will  be 
radiated  from  the  taper  and  propagate  into  the  cell  in  essentially  an  unguided  fashion. 
Further  work  is  required  in  order  to  quantify  and  detail  this  phenomenon. 

4.0  HIGH-VOLTAGE  PULSE  GENERATOR 

For  single  pulse  excitation,  a  pulse  generator  has  been  integrated  into  the  apex 
of  the  TEM  cell.  This  unit  is  simply  a  bank  of  capacitors  which  are  slowly  charged  then 
rapidly  discharged  into  the  cell.  The  rise  time  of  the  pulse  is  primarily  determined  by  the 
inductance  of  the  spark  gap  switch  used  to  initiate  the  discharge.  The  fall  time  is 
established  by  the  RC  time  constant  of  the  cell  impedance,  R,  and  the  capacitance,  C, 
of  the  bank. 

4.1  Generator  Housing 

The  generator  housing,  which  contains  the  capacitor,  charge  resistor  and  spark 
gap,  normally  forms  an  integral  part  of  the  TEM  cell,  Fig.  22.  However,  to  increase  the 
versatility  of  the  cell,  the  generator  has  been  designed  such  that  it  can  be  removed  and 
replaced  by  an  adaptor  for  connection  to  a  low  voltage  signal  source,  Fig.  23. 

Two  aspects  of  the  generator  housing  geometry  are  important.  The  first  is  the  fact 
that  this  housing  is  coaxial  in  nature  and  is  designed  to  be  compatible  with  the  TEM  cell 
both  geometrically  and  in  terms  of  impedance  matching.  The  inner  conductor  of  the  coax 
is  the  pulse  generator  (i.e.  capacitors,  spark  gap  etc.)  and  the  outer  conductor  is  formed 
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by  the  generator  enclosure,  Fig.  22.  The  impedance  value  tor  this  structure  was 
established  by  consulting  tables  for  the  impedance  of  a  structure  with  a  circular  inner 
conductor  and  a  square  outer  conductor,  Fig.  24.  The  radius  of  the  inner  conductor  was 
estimated  from  the  dimensions  and  orientation  of  the  charging  capacitors,  Fig.  25.  This 
is  done  by  equating  the  area  of  the  triangular  capacitor  arrangement  and  the  area  of  a 
circle  with  the  estimated  radius.  Once  this  value  and  the  impedance  of  the  cell  (100  Q) 
are  established,  then  the  dimensions  of  the  outer  housing  can  be  determined  via  Fig.  24. 
Some  compromise  in  design  may  be  required  because  the  system  is  required  to  operate 
at  high  voltage  and  arcing  may  be  a  problem. 

The  second  important  aspect  of  the  generator  housing  is  the  fact  that  it  is  at  the 
apex  of  the  input  taper  and,  as  such,  is  the  launching  point  for  the  fields  in  the  TEM  cell. 
The  pulse  generator  indiscriminately  generates  many  higher  order  TEmn  and  TMmn.  Ideally 
some  means  of  eliminating  these  extraneous  modes  would  exist  such  that  only  the 
fundamental  TEM  mode  would  propagate  into  the  cell. 

This  may  be  (partially)  accomplished  by  making  the  generator  housing  a 
waveguide  with  a  high  cutoff  frequency.  Since  the  TEmn  and  TMmn  higher  order  modes 
have  resonance  frequencies  below  this  cutoff  value  they  will  be  highly  attenuated  as  they 
propagate  along  the  length  of  the  generator  housing.  The  primary  means  of  increasing 
the  cutoff  frequency  is  to  make  the  spacing  between  the  septum  and  the  walls  of  the 
taper  as  small'  as  possible.  At  the  interface  between  the  cell  and  the  housing,  the  taper 
enclosure  is  30  cm  square  which,  at  A/2,  corresponds  to  a  frequency  f  =  500  MHz.  This 
is  a  factor  of  six  higher  than  the  resonant  frequency  fR(101)  of  the  first  interacting  higher- 
order  mode.  If  the  length  of  the  housing  is  made  sufficiently  long  then  the  TEmn  and  TMmn 
modes  will  be  eliminated  and  the  unit  acts  as  a  filter. 


4.2  Capacitors 

4.2.1  Capacitor  Orientation 

The  capacitors  are  distributed  as  indicated  in  Fig.  25.  The  excitation  should  be 
introduced  with  the  field  components  in  the  same  orientation  they  would  have  when 
propagating  in  the  cell,  but  unfortunately  this  is  not  possible. 

The  chosen  orientation  of  the  capacitors  results  in  a  horizontal  electric  field  and 
a  transverse  magnetic  field  (the  electric  field  which  is  perpendicular  to  the  proper 
orientation).  This  compromise  was  made  because  an  electric  field  component  in  the 
direction  of  propagation  causes  TM  modes.  These  TM  modes  appear  at  higher 
frequencies  than  the  TE  modes  and,  as  a  result,  the  bandwidth  of  the  cell  is  maximized 
[1]. 
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Characteristic  Impedance  of  Square  Outer  fit  Round  Inner  Conductors 


Impedance  chart  for  a  square  outer  conductor  with  round  inner  conductor  [8]. 


4.2.2  Capacitor  Properties 


The  required  half-width  time  of  the  field  is  t*  =  200  ns.  The  time  constant  of  the 
discharge  circuit  should  be 

t  =  /?C  =  twl  0.7  =  286  ns  (11) 


and  with  R  =  ZQ  =  1 00  £2 

C=  x//?  =  2.9nF  .  (12) 

The  high-voltage  power  supply  (HVPS)  has  a  maximum  voltage  of  75  kV.  A  low 
inductance,  high-voltage  capacitor  is  needed  and  many  factors  must  be  considered.  In 
this  case,  properties  should  include:  peak  voltage,  peak  current,  wave  shape,  duty  cycle, 
dissipation  factor,  power  factor,  life  expectancy,  temperature  coefficient,  etc.  Other 
important  characteristics  are:  the  equivalent  series  resistance,  impedance,  self-resonant 
frequency,  voltage  reversal,  dielectric  and  the  dimensions.  Detailed  discussions  on  this 
matter  are  very  complex  and  beyond  the  scope  of  this  work.  For  more  information 
reference  [6]  should  be  consulted. 

In  general,  ceramic  capacitors  have  small  dimensions,  low  inductance,  low 
impedance  and  can  handle  high  voltages.  On  the  other  hand  they  are  temperature  and 
voltage  dependent.  If  the  temperature  of  the  room  is  stable  and  the  repetition  rate  is  low, 
ceramic  disc  capacitors  are  a  suitable  choice.  In  general,  the  high  voltage  types  have  a 
lower  capacitance  and  it  was  necessary  to  bank  the  capacitors  to  achieve  the  desired 
values.  To  lower  the  inductance,  three  units  were  connected  in  parallel,  and  two  sets 
were  placed  in  series  to  ensure  that  the  pulse  generator  would  hold  off  the  required 
voltage,  see  Fig.  25.  As  a  result,  the  capacitance  of  each  unit  should  be  C  =  2  x  2.9/3  = 
1.9  nF.  The  generator  was  designed  with  a  larger  value  because  the  capacitance 
decreases  with  increasing  temperature,  voltage  and  aging.  The  capacitor  type  used 
(Murata  Erie,  Model  DHS60  N4700  202M-40KV)  is  optimized  for  linearity  with  applied 
voltage.  The  alternative  would  have  been  a  unit  which  is  stable  in  temperature.  The 
former  was  chosen  because  it  is  anticipated  that  the  room  temperature  will  be  constant. 
On  the  other  hand,  if  the  capacitance  of  the  bank  changed  with  applied  voltage  then  the 
fall  time  of  the  pulse  would  vary  as  well.  Therefore,  the  pulse  shape  would  not  be 
consistent  during  testing  with  varying  applied  voltages  (sub-threat  level  field  testing). 

At  high  frequencies,  the  pulse  impedance  of  a  capacitor  appears  in  series  with  the 
load  and  reduces  the  voltage  across  the  load.  If  the  pulse  impedance  is  more  than  10% 
of  the  load  impedance,  the  fast  rising  portion  of  the  output  pulse  will  begin  to  roll  over 
before  reaching  90%  of  the  peak  voltage.  A  pulse  impedance  of  5  Q  for  large  capacitors 
is  not  uncommon,  but  with  the  bank  combination  this  value  is  reduced  by%.  With  the  high 
impedance  of  the  cell  (100  Q)  the  roll-over  should  not  be  large. 
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4.2.3  Interface 


The  septum/generator  interface  is  shaped  according  to  Fig.  15.  Note  that  the 
septum  has  been  trimmed  such  that  there  is  a  smooth  geometrical  transition  with 
dimensions  which  are  small  compared  to  the  wavelength  used.  This  has  produced  a 
satisfactory  result,  however,  there  are  a  number  of  other  possible  configurations  which 
warrant  future  investigation. 

The  most  promising  option  is  to  place  excess  material  on  the  septum  (i.e.  more 
material  than  is  necessary  to  impedance  match  the  septum)  near  the  interface  with  the 
pulse  generator.  One  alternative  is  to  make  the  septum  wider  at  this  point  while  the  other 
is  to  increase  the  height  of  the  septum.  The  primary  contact  between  the  pulse  generator 
and  the  septum  is  limited  by  the  spark  gap  connection  and  the  additional  septum  material 
appears  to  be  redundant.  However,  although  the  current  will  primarily  enter  the  cell  at  the 
septum  contact,  it  is  possible  for  stray  capacitive  coupling  (from  excess  septum  material 
directly  to  the  pulse  generator)  to  exist  [7],  This  will  cause  an  enhancement  of  the  high 
frequency  coupling  to  the  septum.  Keeping  in  mind  the  discussion  of  capacitor  roll-over 
(section  4.2.2),  this  may  be  a  very  important  compensating  element  allowing  the  cell  to 
recover  the  fast  rise  time  components  of  the  pulse.  Unfortunately,  implementation  of  this 
phenomena  is  not  trivial.  The  important  point  to  remember  is  that  a  pulse  generator  and 
field  delivery  system  should  be  designed  simultaneously  in  order  to  optimize  the  resulting 
electric  and  magnetic  fields. 

4.3  Spark  Gap 

The  spark  gap  is  composed  of  two  electrodes  in  a  plexiglass  housing  which  can 
be  filled  with  a  dielectric  gas  (synthetic  air,  N2,  SFe  etc.)  with  a  pressure  of  up  to  80  psig, 
see  Fig.  26.  The  spacing  of  the  brass  electrodes  can  be  varied  from  0-2  cm  depending 
on  the  breakdown  voltage  required.  Since  the  charge  transfer  from  the  capacitors  is  small, 
it  is  anticipated  that  there  will  be  minimal  electrode  wear  and  very  little  maintenance  will 
be  required. 

Two  factors  effect  the  rise  time  of  the  spark  gap;  the  inductance  of  the  spark  gap 
and  the  resistive  phase  of  the  spark: 

a)  The  inductance  of  the  plasma  channel  is  proportional  to  the  length  of  the  spark, 
therefore  the  length  of  this  channel  must  be  minimized.  This  can  be  accomplished 
by  pressurizing  the  gap  with  a  highly-insulating  gas  (i.e.  a  highly  electronegative 
gas  such  as  SF6).  This  works  because  the  breakdown  voltage  for  a  gas  is 
determined  (to  first  order)  by  the  product  of  the  electrode  spacing  and  the  gas 
pressure  (each  gas  produces  its  own  breakdown  curve  and  is  self-consistent  with 
this  pressure-spacing  rule).  Second  order  factors  include  electrode  curvature,  rate 
of  charge,  external  ionizing  sources  (background  radiation,  etc.),  gas  contaminants, 
etc. 
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Figure  26:  Details  of  the  Spark  Gap. 


The  inductance  of  the  plasma  channel  can  be  calculated  from  [10] 


L  =  2( 


nH, 


(13) 


where  t  is  the  length  (in  cm)  and  d  is  the  diameter  of  the  spark  channel  (in  cm). 
Assume  e  =  1  cm  and  d  =  0.01  cm,  then  L  =  10  nH.  With  a  load  impedance  of 
Z0  =  100  Q,  the  time  constant  xL  =  L/R  =  0.1  ns  and  the  corresponding  rise  time 

tL  =  2.2tl  =  0.22  ns.  (14) 


With  f  =  1  cm  and  d  =  0.001  cm,  L  =  14.6  nH  and  t,  =  0.32  ns. 


b)  The  time  constant  of  the  resistive  phase  can  be  derived  from  [7] 

88  (pf  _ 
xR  = -  —  ns 

"  Z»E«  pj 


where  E  is  the  field  strength  in  MV/m,  and  (p/p0)  is  the  ratio  of  the  gas  density  to 
that  of  air  at  STP  (standard  temperature  and  pressure). 

With  50  kV  across  1  cm  and  a  homogeneous  field  between  the  electrodes,  E  is 
about  5  MV/m.  With  dry  synthetic  air  in  the  spark  gap  the  time  constant  xR  is 
1.3  ns  and  the  corresponding  rise  time  tR=  2.9  ns.  By  changing  to  Sulphur 
Hexafluoride  gas  (SF6),  the  gap  distance  C  can  be  made  a  factor  2.5  smaller, 
resulting  in  a  field  strength  of  2.5  x  5  =  12.5  MV/m,  a  time  constant  xR  =  1.0  ns 
and  a  rise  time  tR  =  2.3  ns. 


Note  that  it  is  important  to  work  with  a  high  field  strength,  E,  in  the  spark  gap.  With 
gas  pressurization  the  gap  distance  can  even  be  made  smaller  and  thus  the  field 
strength,  E,  larger.  The  total  rise  time  of  the  spark  is  the  geometric  sum  of  the  two 
rise  times  tL  and  tR, 


which,  for  air,  is  tL  =  0.32  ns  and  tR  =  2.9  ns  the  total  rise  time  tf  =  2.9  ns. 

The  rise  time  of  the  pulse  generator  can  be  calculated  in  the  following  manner.  The 
rise  time  of  the  spark  gap  is  converted  to  an  equivalent  inductance  which  can  then  be 
added,  in  quadrature,  to  the  geometric  inductance  of  the  pulse  generator  such  that 


The  spark  gap  time  constant  is  given  as  xR  =  Lsg/R  =  tR/2.2  =  2.9/2.2  =  1.3  ns.  With  a  load 
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impedance  of  R  =  100  Q,  then  L.g  =  1.3  x  100  =  133  nH. 

Lge0  contains  the  inductance  of  the  capacitor  and  the  connections  of  the  spark  gap. 
Assume  LnoA  is  50  +  50  =  100  nH.  The  effective  inductance  is  then 

geo 


Laff  =  \/l002  +  1332  =  166  nH 


(18) 


The  effective  time  constant  becomes 


L-eff  166  1  7 

Teff  =  TT  ~  ~rrrr  =  1J  ns 


100 


(19) 


leading  finally  to  an  expected  rise  time  of 


tr  =  2.2  x  Teff  =  3.7  ns  . 


(20) 


In  this  case,  it  can  be  concluded  that  the  resistive  phase  of  the  spark  plays  a 
dominating  role  in  the  total  rise  time.  By  applying  more  pressure  to  the  insulating  gas  in 
the  spark  gap,  the  rise  time  can  be  made  smaller.  With  external  triggering  (eg.  laser)  the 
resistive  phase  can  be  made  shorter  and  the  total  rise  time  even  smaller.  However,  for 
a  rise  time  tr  =  5  ns,  dry  synthetic  air  with  a  few  atmospheres  of  pressure  will  be 
sufficient. 

4.4  High-Voltage  Power  Supply 

The  high-voltage  power  supply  (HVPS)  (Glassman  High  Voltage,  Model 
PS/ER75R05.0-10)  can  be  adjusted  from  zero  to  75  kV  and  from  zero  to  2.5  mA  by  two 
10-turn  potentiometers.  It  is  connected  to  the  capacitor  via  a  high-voltage  resistor  of 
100  k£2  which  isolates  the  power  supply  from  the  pulse  generator.  The  resistor  used  is 
a  wire-wound  type  which  ensures  high  pulse  impedance  regardless  of  resistance  value. 
It  is  also  embedded  in  epoxy  and  inserted  into  a  teflon  tube  which  is  concentrically 
located  in  the  center  of  the  capacitor  bank.  This  reduces  the  chance  of  flash  over  and 
simultaneously  minimizes  the  interaction  of  the  charge  resistor  with  the  field  produced  at 
the  launching  point. 

The  time  constant  of  the  charging  circuit  is  on  the  order  of  10’s  of  milliseconds 
which  is  too  small  for  practical  applications.  The  required  charging  time  of  the  pulse 
generator  can  be  altered  to  approx.  15  seconds  by  adjusting  the  current  on  the  HVPS  to 
a  very  small  value.  This  ensures  that  there  are  no  misfires  when  using  the  TEM  cell. 
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4.5  Triggering 

A  very  simple  procedure  for  triggering  the  discharge  of  the  capacitor  in  the 
transmission  line  is  used; 

•  The  gap  distance  and  the  gas  pressure  are  adjusted  for  the  desired  charge 
voltage  of  the  capacitor.  To  minimize  the  rise  time,  a  small  gap  distance  and 
high  pressure  are  required. 

•  A  gap  spacing  about  10%  larger  than  that  required  for  the  desired  breakdown 
voltage  of  the  spark  gap  (or  a  higher  gas  pressure)  should  be  used  to  ensure 
that  the  pulse  generator  discharges  only  when  desired  by  the  operator.  A 
diagram  of  the  breakdown  voltage  versus  gas  pressure  at  different  gap 
distances  can  be  prepared  in  advance  to  facilitate  this  selection. 

•  After  the  capacitors  have  been  charged  to  the  desired  voltage,  the  gas  outlet  of 
the  spark  gap  can  be  opened.  The  falling  pressure  caused  by  the  escaping  gas 
initiates  the  discharge.  Once  the  pulse  generator  has  fired  the  gap  should  be 
repressurized  before  the  HVPS  can  re-establish  the  charging  voltage.  This 
technique  also  removes  the  old  gas  particles  and  discharge  debris  from  the 
spark  gap  which  improves  the  repeatability  of  the  wave  shape.  Commercial 
servo-valves  are  available  which  perform  this  entire  function  electrically.  This 
allows  the  firing  mechanism  to  be  computer  controlled. 

This  simple  triggering  method  has  the  advantage  of  fixing  the  charging  voltage  and, 
therefore,  also  the  field  strength.  The  output  voltage  of  the  generator  is  determined  by  the 
pulse  impedance  of  the  capacitor  and  the  voltage  across  the  spark  gap.  The  pulse 
impedance  can  be  a  few  ohms  in  series  with  the  load  impedance  Z0  =  100  Q,  the  spark 
gap  has  a  typical  150  V  arc  drop.  The  ratio  of  the  charge  voltage  and  the  peak  output 
voltage  can  be  calibrated  in  advance. 


5.0  TERMINATION 

The  transmission  line  (input  taper  -  mid  section  -  output  taper)  is  matched  to  a  non- 
inductive  load  resistor  with  value  R  =  Z0.  If  well  designed,  all  energy  arriving  at  the  end 
of  the  transmission  line  will  be  absorbed  in  the  termination  and  no  reflections  will  be 
observed  in  the  test  volume. 

The  requirements  for  the  non-inductive  load  resistor  can  be  summarized  as  follows; 

•  resistive  value  100  Q,  ±  2%; 

•  temperature  coefficient  0.2%  per  degree  C; 

•  peak  voltage  60  kV; 
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•  peak  current  1.2  kA; 

•  peak  energy  10  J  in  1  ps; 

•  average  power  40  W;  and 

•  duty  cycle  1  PPS. 


The  average  voltage  and  current  during  200  ns  is  about  45  kV  and  0.9  kA, 
resulting  in  40.5  MW.  Assume  about  this  power  should  be  dissipated  in  1  ps  and  the 
repetitive  rate  of  the  pulse  generator  is  maximum  1  pulse  per  second,  then  the  average 
power  is  about  40  W.  A  Carborundum  ceramic  non-inductive  resistor,  Type  889  AS  500  J 
was  used  in  the  TEM  cell. 

5.1  Shape 

As  a  result  of  the  relatively  large  peak  voltage  (60  kV),  the  manufacturer’s 
specifications  require  that  the  load  resistor  have  a  minimum  length  of  about  20-30  cm, 
depending  on  the  resistor  type  and  the  connection  method  used.  This  offers  the  possibility 
of  not  only  matching  the  line  impedance,  Z0,  but  also  the  wave  impedance  over  this 
length.  Fig.  27  is  an  indication  of  the  panel  and  overall  termination  shape  which  allows 
the  impedance  of  the  line  to  be  gradually  matched  to  the  relative  resistance  value,  from 
1 00  £2  to  0  £1 

The  characteristic  impedance  of  a  transmission  line  with  a  square  outer  -  and  a 
round  inner  conductor  can  be  calculated  from 

Z0  =  60  In  ^  +  4.54  Q  for  Z0>  20  Q,  e,  =  1  (24) 

d 

where  b  is  the  edge  of  the  cross-section  of  the  enclosure  and  d  the  diameter  of  the  round 
inner  conductor  [8].  Fig.  24  is  an  indication  of  Z0  versus  b/d  and  was  used  to  derive  the 
contour  of  Fig.  27. 

5.2  Interface  to  Septum 

Clearly  the  septum  of  the  TEM  cell  must  be  connected  to  both  the  pulse  generator 
and  the  termination.  The  difficulty  with  these  connections  is  the  fact  that  both  interfaces 
involve  drastic  changes  in  the  geometry  of  the  cell  and,  as  such,  equally  drastic  changes 
in  the  cell  impedance.  The  empirical  design  rule  used  is  simply  to  keep  the  length  of  the 
transition  much  smaller  than  the  shortest  wavelength  of  interest,  the  interface  can  then 
be  treated  as  a  lumped  impedance.  The  capacitive  coupling  of  the  septum  can  then  be 
adjusted  (by  trimming  the  septum  width,  etc.)  to  minimize  reflections. 

Figs.  26  &  28  show  the  details  of  the  interfaces  between  the  pulse 
generator/septum  and  termination/septum.  The  feature  of  the  first  is  that  both  the  pin  and 


41 


Figure  27:  Contour  values  for  the  termination  outer  conductor.  The  values  were  determined  by  varying  the 
geometrical  impedance  along  the  length  of  the  terminating  resistor  from  100  a  to  0  Q.  at  the  end  plate.  The 
dimensions  of  the  panel  are  determined  from  Fig.  24  and  the  technique  is  further  described  in  the  text. 


Plastic  Plug  O.D.  as 


Resistor  Plug  (Septum  Connection) 


Figure  28:  Details  of  the  resistor  plugs 


the  spark  gap  are  tapped  with  a  %- 20  screw  thread  which  allows  the  separation  between 
the  electrodes  to  be  adjusted  without  altering  the  overall  dimensions  of  the  pulse 
generator  or  septum  (note  that  the  nut  on  the  screw  thread  has  been  locked  in  place  with 
a  set  screw  to  facilitate  this  adjustment).  The  second  figure  details  the  transition  of  the 
flat  septum  plate  to  the  circular  termination  resistor. 


6.0  MEASURED  FIELDS 

Figures  29  and  30  depict  the  electric  and  magnetic  field  waveshapes,  respectively, 
measured  at  the  bottom  center  of  the  TEM  cell.  The  E-field  measurement  is  the 
integrated  response  (1  (is  hardware  integrator)  of  a  monopole  sensor  (EG&G  ACD- 
S3C(R))  and  is  intended  to  show  the  rise  time  of  the  pulse.  When  properly  scaled,  the 
peak  value  corresponds  to  that  anticipated  by  the  50  kV  charging  voltage.  The  4-4.5  ns 
rise  time  value  is  consistent  with  the  estimated  value  of  3.7  ns  determined  in  (20). 

Figure  30  is  the  response  of  a  loop  probe  [9]  and  depicts  the  magnetic  field 
waveshape.  The  time  base  in  this  figure  has  been  chosen  to  show  the  overall  pulse. 
Although  this  sensor  has  a  good  low  frequency  response,  there  is  still  some  sensor  droop 
and  the  observed  pulse  width  is  slightly  smaller  than  both  the  true  value  and  the  predicted 
value  of  286  ns  in  Eq.(11).  Again,  when  scaled,  the  peak  value  corresponds  to  that 
expected  from  a  50  kV  charging  voltage.  Additional  details  of  the  complete  electrical 
properties  of  the  cell  will  be  produced  in  a  future  publication. 


7.0  CONCLUSIONS 

In  conclusion,  implementation  of  the  TEM  cell  design  initially  described  in  DREO 
Report  No.  1084  and  further  detailed  in  this  report  has  lead  to  the  development  of  a 
means  of  generating  very  high-quality  pulsed  electromagnetic  fields  for  use  in  both  EMP 
testing  (MIL-STD-461C)  and  R&D  activities  such  as;  calibration  of  sensors,  precision 
measurements,  design  and  testing  of  transient  suppression  devices  etc. 

The  electrical  parameters  of  the  cell  were  accurately  predicted  prior  to  construction 
and  then  achieved  through  the  careful  assembly  of  the  cell.  A  significant  effort  was  made 
to  ensure  that  the  panels  described  in  the  various  figures  of  the  report  accurately 
reproduce  the  proper  cell  dimensions.  In  addition,  the  required  seams  were  constructed 
such  that  there  is  negligible  perturbation  of  the  current  flow.  Access  to  the  test  volume 
and  sensor  mounting  plates  has  been  designed  to  be  user-friendly  to  simplify  lengthy  test 
sequences.  Design  of  the  high-voltage  pulse  source  and  termination  of  the  cell  have  been 
carefully  optimized  and  implemented.  Finally,  the  design  emphasizes  the  use  of  common 
construction  materials  and  simple  assembly  techniques  for  cost  reduction. 
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Figure  29:  Electric  field  rise  time  in  the  TEM  cell.  The  measurement  was  made  by 
integrating  the  response  (  l^is  hardware  integrator)  of  a  monopole  sensor 
(EG&G  ACD-S3C(R)).  When  properly  scaled,  the  peak  value  corresponds  to  that 
anticipated  by  the  50  kV  charging  voltage. 
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Figure  30:  Magnetic  field  waveshape  in  the  center  of  the  TEM  cell.  The 
measurement  was  made  with  a  loop  probe  [9].  Although  this  sensor  has  a  good  low 
frequency  response,  there  is  still  some  droop  in  the  response  and  the  observed 
pulse  width  is  slightly  smaller  than  the  true  width.  Again,  when  scaled,  the  peak 
value  corresponds  to  that  expected  from  a  50  kV  charging  voltage. 
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The  result  of  all  this  effort  is  a  TEM  cell  which  can  produce  a  pulsed 
electromagnetic  field  with  a  peak  value  of  50,000  V/m  with  only  insignificant  deviations 
from  an  ideal  double-exponential  waveshape.  The  benefit  of  having  such  a  accurate  and 
highly  reproducible  waveform  is  the  simplification  in  the  interpretation  of  future 
experimental  results. 
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